At room temperature, 300 K, silicon carbide film was formed using monomethylsilane gas on the reactive surface prepared using argon plasma. Entire process was performed at reduced pressure of 10 Pa in the argon plasma etcher, without a substrate transfer operation. By this process, the several-nanometer-thick amorphous thin film containing silicon-carbon bonds was obtained on various substrates, such as semiconductor silicon, aluminum and stainless steel. It is concluded that the room temperature silicon carbide thin film formation is possible even at significantly low pressure, when the substrate surface is reactive.
Introduction
Silicon carbide (SiC) is a suitable coating material for protecting various materials surface from a harsh and high-temperature environment [1] , because of its chemical and mechanical stability. One of the well-known applications is the carbon susceptor surface coating film for a chemical vapor deposition (CVD) reactor. The CVD reactor very often uses hydrogen chloride gas at high concentrations and high temperatures for the reactor cleaning [2] . Such the suitable nature should be applied extensively for coating various kinds of materials having high and low melting points. However, because the ordinary temperature for silicon carbide film formation by the CVD [3] - [5] is very often higher than the melting points of many useful metals, an alternative CVD tech-nique possible at low temperatures is necessary. Thus, the room temperature technique has been developed using monomethylsilane (MMS) gas [6] .
The room temperature silicon carbide CVD process [6] consisted of the two room-temperature steps, that is, (A) the reactive surface preparation using argon plasma etching, and (B) the silicon carbide film formation from monomethylsilane gas. The atmospheric pressure has been used for the film deposition in order to supply the monomethylsilane gas at the significantly high concentrations, often 100%. By this technique, the silicon carbide film could be formed at the surface of semiconductor silicon and the aluminum. But it accompanied slight oxidation at the interface between the substrate and the silicon carbide film. Because the previously-used process had the substrate transfer operation from the plasma etcher to the CVD reactor via air ambient, the reactive sites, such as dangling bonds produced by the argon plasma etching, might become inactive by oxidation.
In order to effectively maintain the reactive sites, the entire process should be performed without exposure to air, by means of deleting a substrate transfer operation. The easiest way is to introduce the monomethylsilane gas into the chamber of plasma etcher. In such the condition, the partial pressure of monomethylsilane gas must become significantly lower than that by the atmospheric pressure process [6] , because the reduced pressure is necessary for assuring the safety operation. Thus, the possibility of room temperature film formation at such the reduced pressure should be experimentally evaluated.
In this study, the silicon carbide film formation process was developed for the surface of various materials, such as semiconductor silicon, aluminum and stainless steel. The entire process was performed at room temperature and reduced pressure.
Experimental Procedures
The surface chemical process designed in this study is shown in Figure 1 . The substrate surface is usually oxidized and has an airborne contamination, as shown in Figure 1(a) . The argon plasma physically removes the atoms of the material surface to produce the dangling bonds, as shown in Figure 1(b) . The dangling bonds capture the monomethylsilane molecule, as shown in Figure 1(c) . Figure 1(d) shows that the silicon-carbon pair remains on the substrate surface after the hydrogen desorption.
The substrates used in this study were the plates of silicon, aluminum and stainless steel (SUS430). The silicon plate was cut from the 200 mm-diameter (100) semiconductor silicon wafer. The aluminum and stainless steel plates used in this study were low cost materials manufactured for a handicraft use. Because they have been exposed to air for sufficiently long period, their surfaces were covered with a native oxide film. The substrates having the dimensions of 10 mm wide and 10 mm long were cut from these plates and were cleaned by ethanol Step (A): dangling bond formation using argon plasma at 10 Pa for 20 min at room temperature; Step (B): silicon carbide film formation at room temperature using monomethylsilane gas at 1% and 10 Pa for 10 min. without any additional wet cleaning.
The reactive substrate surface was prepared by argon plasma etching, following the mechanism shown in Figure 2 . This process consisted of Steps (A) and (B), as shown in Figure 2 .
Step (A) is the plasma etching using a parallel plate plasma etcher (Soft Plasma Etcher-SE, Meiwafosis Co., Ltd., Tokyo, Japan).
Step (A) prepared the reactive surface by the etching for 20 min in argon plasma at 10 Pa and room temperature without any additional heating. After Step (A), the pressure was decreased to less than 1 Pa in order to reduce unnecessary gas species. Next, in Step (B), the substrate was exposed to monomethylsilane gas, the concentration of which was 1%, at 10 Pa for 10 min at room temperature without any plasma assistance. The partial pressure of monomethylsilane gas was 0.1 Pa. The monomethylsilane concentration of 1% proves the safety operation because it was less than the flammable lowest limit in air, that is, 1.3% [7] . In this study, the substrates could be prevented from the oxidation, because of no exposure to air achieved by no transfer operation.
The surface morphology was evaluated using a scanning electron microscope (SEM) (VE-8800, Keyence, Tokyo). In order to obtain information about the chemical bonds in the very thin film formed on the substrate surface, a Time-of-Flight Secondary Ion Mass Spectrometer (ToF-SIMS) (TOF-SIMS300, ION-TOF GmbH, Munster, Germany) was used. The ToF-SIMS was ex situ performed at the Foundation of Promotion of Material Science and Technology of Japan (Tokyo). The ToF-SIMS profiles obtained in this study were compared with those by the previous study [6] . Figure 3 shows the depth profiles of SiC, SiC 2 , C 3 , C 6 , Si 4 and Si 2 O 5 in the film obtained on silicon substrate. These profiles were measured by ToF-SIMS. Figure 3(a) shows the silicon carbide film formed at atmospheric pressure accompanying the substrate transfer operation in air ambient [6] . In the region from the surface to 5 nm depth, SiC and SiC 2 were detected at very high concentrations. These profiles showed the existence of silicon carbide film. Simultaneously, the C 3 concentration was very high; its profile resembled to those of SiC and SiC 2 . In contrast, the Si 4 concentration increased with the increasing depth, particularly from the surface to the 5 nm depth. The SiC, SiC 2 , C 3 and Si 4 profiles indicates that the layer switched from silicon to silicon carbide at the position near 5 nm depth. This conclusion was consistent with the Si 2 O 5 profile. The Si 2 O 5 profile had two peaks at the surface and 5nm depth. The former shows the oxidation of the intermediate species of monomethylsilane remained at the obtained film surface. The latter indicates the oxidation of silicon substrate surface due to the exposure to air ambient during the substrate transfer from the plasma etcher to the CVD reactor. Thus, the all profiles in Figure 3(a) indicate the existence of 5-nm-thick silicon carbide film at the silicon substrate surface. Additionally, at the interface between the silicon carbide film and the silicon substrate surface, there was no or quite less silicon oxide. At least, the interface had no silicon oxide peak. In Figure 3(b) , the profiles of C 3 and C 6 was localized near the surface, such as in the region shallower than 0.5 nm depth, while those in Figure 3(a) distributed over the silicon carbide film. Thus, the process without the substrate transfer could produce the silicon carbide film with the low concentration of carbon-carbon bonds.
Results and Discussion

Film Formation on Silicon Surface
Because the obtained films were very thin, that is, several nm thick, the silicon substrate surface before and after the film formation showed similarly mirror appearance, by the SEM. Figure 4(a-1) and Figure 4(a-2) show the aluminum substrate surface morphology before and after the film formation, respectively, observed by the SEM. Figure 4(a-1) showed that there were many scratches in a horizontal direction, with some small round-shaped pits having a diameter of less than 10 μm. After the film formation, there were many sharp linear scratches in a horizontal direction, as shown in Figure 4(a-2) . Some scratches were jig-sag shaped. The surface appearance had no obvious difference from Figure 4(a-1) . Figure 5 shows the depth profiles of SiC 2 , C 3 , C 6 , Al 4 and Al 2 O 3 in the film obtained on aluminum substrates. Figure 5(a) shows the silicon carbide film formed accompanying the substrate transfer operation in air ambient [6] . There was a broad peak of SiC 2 in the range from the surface to 5 nm depth. The C 3 peak was observed at about 1 nm depth, at which the concentration of Si 2 O 5 were slightly large. This is considered to be produced by the oxidation of monomethylsilane intermediate species. Although the concentration of Al 2 O 3 was entirely large, it tended to decrease with approaching the film surface in a range shallower than 1 nm. The information in Figure 5(a) entirely indicated that the silicon-carbon bonds existed in the obtained film in the range from the surface to 5 nm depth. a broad peak near 3 nm. Consistently, the Al 4 concentration significantly increased from 3 nm to 6 nm depth, indicating the existence of bulk aluminum. Because the Al 2 O 3 widely distributed, a considerable amount of aluminum oxide remained after the plasma etching. This figure simultaneously showed that the C 3 and C 6 widely distributed. Because the aluminum surface initially had no carbon film before the film formation, these profiles also indicated that the chemical reaction of monomethylsilane gas could occur.
Aluminum Surface
In order to further evaluate the film formation and the crystalline quality, the high resolution TEM image was taken, as shown in Figure 6 , which was the silicon carbide film formed on the aluminum substrate surface. Each dot in this figure showed an atom; the dark contrast layer at the mid height of this figure showed the interface between the substrate and the obtained film. The lower layer in this figure showed aluminum substrate; the upper layer was silicon carbide. The thickness of silicon carbide layer was about 5 nm, which agreed with the ToF-SIMS profile shown in Figure 5(b) . Because the dot pattern in the upper layer was not periodically, the obtained silicon carbide film was determined to be amorphous.
Stainless Steel Surface
Figure 4(b-1) and Figure 4(b-2) show the surface morphology of the stainless steel substrate surface before and after the deposition, respectively. Figure 4(b-1) showed that there were many shallow and thin scratches in a horizontal direction before the film formation. After the film formation, the surface still had many shallow scratches, as shown in Figure 4(b-1) . Entirely, the surface morphology did not have obvious change by the film formation. Figure 7 shows the depth profiles of SiC 2 , Si 2 O 3 , C 3 , C 6 , Fe 2 and FeO 2 in the film obtained on stainless steel substrates. Figure 7(a) shows the SiC 2 , Si 2 O 3 , C 3 and FeO 2 profiles from the surface after the film formation accompanying the substrate transfer operation in air ambient [6] . In this figure, only very small C 3 peak existed very near the surface. The Si 2 O 3 concentration in a range shallower than 3 nm was very slightly larger than that in a deep position; the C 3 and Si 2 O 3 existed at the stainless steel surface. However, the SiC 2 concentration was unfortunately and significantly low and flat from the surface to the deep position. This concluded that the recognizable amount of silicon-carbon bond did not remain at the stainless steel substrate surface. Figure 7(b) is the depth profile of SiC 2 , C 3 , C 5 , Fe 2 and FeO 2 in the film obtained without an exposure to air. This figure shows the existence of SiC 2 from the surface to the depth of 5 nm. Although the amount of SiC 2 in this range was not significant, it was larger than that in the deep position such as at 10 nm, and was rather flat from 2 nm to 5 nm depth. The low concentration might indicate that the coverage by the silicon carbide was partial. In this range, the Fe 2 concentration became larger, while the FeO 2 decreased. Thus, the stainless steel substrate surface had about 3 -4 nm-thick iron oxide film. This figure simultaneously showed that C 3 and C 5 peaks existed at the depth of 4 nm and 1 nm, respectively.
From the profiles of SiC 2 , C 3 and C 5 , the silicon-carbon bonds were concluded to be formed at the stainless steel surface. However, Figure 7(b) showed the entire coexistence of silicon carbide and iron oxide in the film. Because the stainless steel substrate surface was not completely covered with the silicon carbide film, the substrate surface was partially oxidized after the film formation till the ToF-SIMS measurement.
Entirely, the silicon-carbon bond concentration was significantly low. This will be able to be increased by increasing the monomethylsilane partial pressure for the film formation.
